manipulation during cast molding. Additionally, casts need to be changed every three to six months.
Rapidly progressing curves, severe curves, or failure of nonoperative treatment modalities are indications for surgical intervention for EOS. Rigid spinal fusion is not ideal for young children since they have adverse effects on the growth of thorax, lungs, and spine. Traditional rigid spinal fusions performed before the age of eight years can lead to growth abnormalities and pulmonary issues including a decrease in lung volume, which is a common limiting factor in the life expectancy of children with EOS 5 . Subsequently, instrumentation without fusion was developed for patients with significant potential for growth in order to cease curve progression and delay the definitive fusion procedure until spinal growth is sufficient [6] [7] [8] .
Techniques for guided growth or instrumentation without fusion were developed to avoid the complications associated with rigid spinal fusion by allowing more physiological growth. Constructs such as vertical expandable prosthetic titanium ribs (VEPTR) 9, 10 or traditional growing rod systems with single growing rods 11 or dual growing rods, 12, 13 are treatment options. The disadvantage to these treatments is the requirement for repeat invasive surgical intervention as the spine grows, as well as association with high complication rates 14 .
Infection, unintended autofusion, and implant failure are the most common complications and are influenced by the number of lengthening procedures performed [15] [16] [17] . Repetitive interventions are also associated with various socioeconomic disadvantages 18 . Constructs, such as the Shilla growth guidance system and magnetically controlled growing rods, allow lengthening in a noninvasive manner 19, 20 . However, to our knowledge there are no in vitro biomechanical studies examining these guided growth techniques.
The concept of noninvasive spine lengthening after scoliosis correction without the need for iterative surgeries has long been appealing. The current study evaluated the use of a novel hybrid guided growth system with "Telescoping Growth Rods" (TelGR). This system theoretically provides an improved technique by allowing skeletal growth while maintaining alignment and preventing curve progression all without necessitating multiple trips to the operating room or clinic visits for magnetic lengthenings. We hypothesized that the TelGR system will permit unrestricted growth with limited complications through 12 weeks in vivo, and that the range of motion (RoM) in each of three directions and stiffness of the TelGR system would not be significantly different than the rigid rod system in vitro.
| MATERIALS AND METHODS

| TelGR design
The purpose of the TelGR's design is to utilize an internal mechanism that allows for one-way translation. This keeps the rod from shortening relative to the longest position it has achieved at any postoperative time point. The TelGR system includes five parts: a caudal rod, a locking bolt, a tapered sleeve, a cephalad rod, and conventional pedicle screws ( Figure 1A ). The locking bolt and sleeve slide onto the proximal caudal rod. The rods were made from titanium. The sleeve was designed to permit lengthening and prevent shortening with a tapered cone shape, which is oriented with the wider portion facing proximally ( Figure 1B ). Both components can move freely on the cephalad rod prior to connecting to the caudal rod fixture. After locking the screw in place, the locking nut pinches down on the tapered sleeve. In doing so, the connected rods allow axial lengthening but not shortening of the TelGR. The telescoping mechanism of the TelGR is positioned centrally at the presumed apex of the curve and was appropriately sized, including adequate overlap, to accommodate growth in the in vivo study. The most proximal and distal portions of the TelGR rods are captured by conventional pedicle screws and are locked in place using set screws.
| In vivo study
This study involved animal subjects. Prior to study initiation, institutional approval was obtained. All procedures on animals followed the The cephalad end of the rods were connected to bilateral pedicle screws at the T6 and T7 vertebral levels (four total screws). The caudal ends of the TelGR were connected to bilateral pedicle screws at the T14, T15, and L1 vertebral levels (six total screws).
Postoperatively, all the animals were housed in individual cages with no additional restraint. The experimental protocol was to evaluate the animals over a 12-week study period after surgical implantation. This duration was chosen based upon the typical onset of puberty in immature pigs, five to six months of age on average, and previous biomechanics literature involving in vivo animal spines 21, 22 .
Radiographs of the involved vertebral segments were obtained post- (MATLAB, Mathworks Inc., Natick, Massachusetts) was used to control the robot using adaptive displacement control, as described previously 24 . A pure moment target of 4.0 Nm was used for flexionextension (FE), lateral bending (LB), and axial rotation (AR); this moment target was chosen based on previously validated parameters for porcine thoracic spines 25, 26 . Three-dimensional segmental spinal kinematic measurements were tracked using an optical tracking system (VICON 460; VICON, Oxford, UK) with five cameras as previously described 27 . Reflective markers were attached to vertebral bodies of T4, T9, and T14 for detection by the tracking system. Euler angles and displacements were calculated for each step in the motion path by taking the root-mean square error over 10 cycles.
Dual rigid rods (cobalt chrome, 5.5 mm diameter, DePuy Spine)
were contoured and placed in the pedicle screws bilaterally and were secured with set screws. After testing, the rigid rods were removed.
TelGR rods were constructed as described above, then were manually contoured at the rod locations between the mechanism and anchor points to straighten the coronal plane and AR curves, while trying to fit the normal sagittal profile (Figure 2 ). Three consecutive cycles were performed for each loading condition. The first two cycles served as preconditioning cycles and the third cycle was used for analysis. Neutral zone (NZ) and elastic zone (EZ) parameters were determined by fitting a double sigmoidal function to moment-rotation data to define the NZ as the high compliance region demarcated by extrema of the second derivative, as described by Smit et al 28 . NZ and EZ stiffness were defined as the inverse of the slope of a linear fit of the function in the NZ and EZ, respectively.
Computations were performed using Excel (Microsoft, Redmond, Washington) and statistical analyses were performed using SPSS (v 21.0, IBM, Armonk, New York). After confirming normality, comparisons between groups in the in vitro study were performed using Student's t tests with Bonferroni correction, with significance set at P < 0.05. Data were reported as mean AE 95% confidence interval. However, the decreased rigidity in the instrumentation, due to the added degrees of freedom of the motion device, may alternatively predispose it to complications such as breaking or bending of the rods Additionally, the use of a 4 Nm moment target for testing may represent another potential limitation as this may vary from the physiologic forces seen in EOS. However, this value has been used previously in porcine biomechanical testing 25, 26 . Our in vitro testing algorithm was to test the rigid rod construct before the TelGR construct; this process was chosen for ease of reproducibility but the failure to randomize may be a confounder to our results.
This study did not fully assess the mechanical properties of the The length of this study was likely inadequate to assess the risk of periprosthetic infection; this risk may be clinically higher given the possibility for metallosis due to tissue and serosanguineous fluid ingression into the relatively large hollow core of the caudal component along with motion of the components. Additionally, in the current TelGR design description, it is recommended that the telescoping mechanism be placed at the apex of the curve. This was chosen to maximize the strength of the construct at the apex of the curve, which is where the majority of the corrective forces will be seen in the coronal plane. This theoretically provides more mechanical strength to an area that is at highest risk of hardware failure. However, this may also lead to difficulty with placing the device, due to large or rigid curves, and additionally may cause issues with sagittal plane adjacent segment kyphosis due to the rigidity of the construct. The hope would be that contouring of the cranial and caudal aspects, on either side of the actual telescoping mechanism, of the TelGR construct would allow for placement of the device and minimizing the rigidity of the proximal thoracic connection of the device. This study was an early biomechanical evaluation of a new concept for treatment of EOS. To our knowledge, this is the first study to evaluate both in vivo and in vitro 
